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CTAbstract Background: As diaphyseal shape is predominantly inﬂuenced by mechanical loading
history, long bone cross-sections can be used to access activity patterns. The aim of this study
was to evaluate long bone cross-sectional properties in a sample of ancient Egyptians from two
socioeconomic classes with different habitual activities.
Material and methods: The material of the present study consisted of 174 skeletons, 71 Workers
and 103 High Ofﬁcials. Measurements of cross-sectional properties from CT images were taken
for humerus, femur, and tibia. Cross-sectional images were obtained in the transverse plane of each
bone, perpendicular to both coronal and sagittal planes.
Results: Cross-sectional thickness and cortical areas of long bones were higher in male Workers
than in male High Ofﬁcials; the differences were signiﬁcant in anterior thickness of the femur
and total cross-sectional areas of both humerus and tibia, and the cortical area of the tibia.
Moreover, female Workers had signiﬁcantly higher values of humeral medullary area and femoral
total and cortical areas than High Ofﬁcials.
Conclusions: Workers had higher level of skeletal robusticity than High Ofﬁcials which could
reﬂect their higher levels of mobility and physical workload. The study suggests that different activ-
ity patterns can signiﬁcantly affect the bone structure.
 2015 The Authors. The Egyptian Society of Radiology and Nuclear Medicine. Production and hosting
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Skeletal robusticity refers to the strength of a skeletal element
relative to some mechanically relevant measure of body size,and is generally considered to reﬂect the magnitude of the
mechanical loads that are habitually incurred by that element
as the organism interacts with its environment (1).
Mobility behavior in prehistoric populations provides
information on numerous aspects of culture and socioeco-
nomic classes. The study of long bone cortical thickness in
ancient populations helps in reconstructing their past
behavioral patterns, as well as the degree of physical activities
676 M.E. Zaki et al.(2,3). Moreover, cortical bone composition and structure
change signiﬁcantly in response to the mechanical loadings
(4,5). Skeletal inter-individual variations are attributed to the
interaction of both genetic and environmental factors,
although, the evolutionary characteristic of skeletal morphol-
ogy is mainly genetic (6,7). The genetic factors are the determi-
nants of the variability in bone structure among different
species, as well as, at different phases of development.2. Materials and methods
2.1. Materials
These skeletons were kept in a storeroom at Giza and belong
to the Old Kingdom period (2700–2190 B.C.), which is known
as the period of pyramid builders (8). They were excavated
from the Giza necropolis, and classiﬁed into two socioeco-
nomic classes; high ofﬁcials and workers according to charac-
ters, design and contents as well as the writings and drawings
on the walls of the tombs (9). The cemeteries around the ﬁrst
pyramid were planned to include the princes on the east side,
and the high ofﬁcials on the western side (10,11). The materials
of the present study consisted of 174 adult skeletons of ancient
Egyptians, with no gross pathological changes or fractures that
may affect the bone’s biomechanical properties. They were
classiﬁed into two groups, according to the socioeconomic
status; the High Ofﬁcials (103 skeletons: 60 male and
43 female) and Workers (71 skeletons: 34 male and 37 female).
Determination of the sex of the skeletons was done using the
descriptive methods of both pelvis (12) and skull (13,14) when
available.Fig. 1 Diagram shows the differencSexing from the skull was based on some features as mastoid
process which it is longer in males than in females and the
Glabellas, Supra-orbital ridge, Nuchal crest and Parietal
eminence which are more prominent in males than females.
Orbit, Chin of mandible, palate and teeth are larger in
males than females, also the size and mass which it is larger
and heavier in males than females (Fig. 1).
Sexing from pelvis was based on visual assessments of some
features as ventral arc which present in females only, subpubic
concavity which convex in males and concave in females,
ischiopubic ramus ridge which broad and ﬂat in males and nar-
row crest like a ridge in females, the preauricular sulcus which
deeper and wider in males but shallow or absent in females,
acetabula which large and deep in males but small in females
and sacrum which long in males and short in females (Fig. 2).
When both pelvis and skull were absent, sexing depended
on the long bones. The maximum length and head diameter
of humerus and femur and bone length of tibia measured
according to the deﬁnitions, landmarks and the techniques
described by Buikestra and Ubelaker (15).
Age at death was estimated using the metamorphosis of the
auricular surface (16), depending on the chronological changes
in the auricular surface of the ilium. Age changes of the auricu-
lar surface was used to estimate age at death, the present cases
aged 50–60 years old, in which auricular surface characterized
by dense irregular surface of rugged topography with marked
activity in periauricular area and irregularity. The inferior face
is lipped at the inferior terminus. Apical changes are marked
with increasing irregularity of margins and macroporosity is
present and the retroauricular activity is seen (Fig. 3), all of
the studied individuals have no macroscopic signs of patho-
logic changes.e between male and female skull.
Fig. 2 Diagram of sex differences of male and female pelvis.
Fig. 3 Auricular surface metamorphoses 50–60 years old.
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done according to Ruff (17). The biomechanical bone lengths,
and the maximum bone lengths, were measured and the bone
midpoint was obtained. The biomechanical bone lengths were
used to mark the bone points at which the Cross-sectional
images were obtained in the transverse plane of each bone,
i.e., perpendicular to both coronal and saggital planes, at the
mid-shaft point of femur and tibia, and at the 40% from the
distal end of the humerus (to avoid the deltoid tuberosity),using a Siemens CT somatom scanner, and all measurements
were obtained from bone window images. Bone lengths were
measured parallel to the longitudinal axis of each bone, deﬁned
by the intersection of the coronal and saggital planes.
Antro-posterior and mid-lateral breadths of both subperiosteal
and endosteal areas were measured at the two planes from
Medial–Lateral axis (M–L axis) counterclockwise to major
axis. In addition, cortical bone thickness at anterior, posterior,
medial, and lateral parts of the bone section was measured.
Body size standardization was done, using the following equa-
tions: For cross-sectional areas: (area/long bone length3) * 108.
The geometrical properties generated from the CT image
included as follows: Total subperiosteal area (TA); Medullary
area (MA); and cortical area (CA). Percent cortical area
(%CA) was calculated as (CA/TA) * 100 (18).
3. Results
Age at death in this material was the same in the two study
groups. It was ranged from 50 to 60 years.
Table 1 shows cross-sectional thicknesses- anterior (A),
posterior (P), medial (M), and lateral (L) thicknesses of male
Workers and High Ofﬁcials. The data revealed that the mean
values of cross-sectional thicknesses of all bones are higher
in Workers than in High Ofﬁcials and the difference in the
anterior thickness of the femur is signiﬁcant. Table 2 shows
means and standard deviations of cross-sectional areas of
Table 1 Mean cross-sectional thickness of humerus, femur,
and tibia of male Workers and High Ofﬁcials.
Cross-section Workers High Oﬃcials
Mean SD Mean SD
Humerus
A 5.68 1.07 5.46 1.07
P 4.94 1.11 4.73 1.01
M 5.34 1.21 5.42 1.14
L 4.66 1.09 4.65 0.92
Femur
A 5.80** 1.04 5.12 0.67
P 9.43 1.58 8.89 1.58
M 7.33 1.36 7.21 1.19
L 7.80 1.18 7.53 1.36
Tibia
A 10.80 1.89 10.13 1.64
P 7.75 1.64 7.47 1.64
M 5.61 1.45 5.19 1.22
L 5.27 1.13 5.06 0.93
Anterior (A); posterior (P); medial (M); lateral (L) thickness.
** p< 0.001, compared with High Ofﬁcials.
Table 2 Standardized mean cross-sectional areas of humerus,
femur, and tibia of male Workers and High Ofﬁcials.
Cross-section Workers High Oﬃcials
Mean SD Mean SD
Humerus
TA 1025.84* 142.95 959.16 168.19
MA 253.61 139.82 226.60 95.52
CA 772.23 116.28 732.56 156.92
CA% 75.98 11.06 76.40 9.69
Femur
TA 799.76 89.41 788.82 126.59
MA 169.86 53.90 174.48 49.37
CA 629.90 89.96 614.34 117.23
CA% 78.71 6.51 77.75 6.19
Tibia
TA 1113.08* 153.58 1026.52 159.43
MA 219.20 81.40 208.16 66.99
CA 893.89* 153.80 818.36 159.52
CA% 80.19 7.38 79.43 6.99
Total area (TA); medullary area (MA); cortical area(CA); percent
cortical area (CA%).
* p < 0.05, compared with High Ofﬁcials.
Table 3 Mean cross-sectional thickness of humerus, femur,
and tibia of female Workers and High Ofﬁcials.
Cross-section Workers High Oﬃcials
Mean SD Mean SD
Humerus
A 4.77 0.82 4.95 0.62
P 3.86 0.97 3.91 0.83
M 4.37 0.91 4.73 0.76
L 3.75 0.86 4.14 0.71
Femur
A 4.66 0.74 4.62 0.69
P 7.46 1.46 6.93 1.51
M 8.64 12.88 5.71 1.31
L 6.57 1.22 6.38 1.25
Tibia
A 8.57 1.40 8.52 1.67
P 5.60 0.66 5.52 1.10
M 4.80 1.04 4.35 0.78
L 4.35 0.83 4.14 0.89
Anterior (A); posterior (P); medial (M); lateral (L) thickness.
678 M.E. Zaki et al.humerus, femur, and tibia total subperiosteal area; medullary
area; cortical area; and percent cortical area of male
Workers and High Ofﬁcials. The results revealed that means
of cross-sectional areas of all bones are higher in Workers than
in High Ofﬁcials. The differences are signiﬁcantly higher in
total area of both humerus and tibia, and the cortical area of
the tibia (p< 0.05). Table 3 shows long bone cross-sectional
thicknesses from anterior, posterior, medial, and lateral posi-
tions of female Workers and High Ofﬁcials. The data showed
that there is no signiﬁcant difference between females of
Workers and High Ofﬁcials. The mean values of cross-sectional thicknesses of the humerus are higher in the High
Ofﬁcials than in the Workers, while the reverse is in the femur.
Tibia thicknesses of both High Ofﬁcials and Workers females
are similar. Table 4 showed the mean and standard deviation
of humerus, femur, and tibia cross-sectional areas for female
Workers and High Ofﬁcials. The humeral medullary area
and femoral total and cortical areas of female Workers are sig-
niﬁcantly higher than those of High Ofﬁcials (p< 0.001 and
p< 0.05 respectively), and the tibia cortical area percent of
Workers is higher than the High Ofﬁcials, but the difference
did not reach signiﬁcance.
4. Discussion
Long-term climatic adaptations represent the cumulative effect
of generations of selective pressure on physique. These adapta-
tions exert a strong inﬂuence on the body proportions and
body mass relative to stature (19). The reduction in human
cortical bone thickness to malnutrition is considered the per-
cent of cortical area or thickness as an indicator reﬂecting
the nutritional and/or health status. Therefore, the behavioral
activities of local hunter-gatherers differed according to their
habitual ecological variability. Sex differences, in the cortical
thickness of lower limb bones, were reported in both prehis-
toric (hunter-gatherer and agricultural populations) and mod-
ern samples (20). Such sexual dimorphism was higher in the
prehistoric sample, due to sexual division of labor at that time.
The reliable decrease in sexual dimorphism from hunting-gath-
ering to agricultural to industrial life may be due to reduced
body activity. Although, cortical bone distribution, in long
bone cross-sections, is highly responsive to mechanical loading
during life (21,22), normal aging processes result in cortical
bone thinning and loss of trabeculae. Long bone diaphyseal
cross-sectional properties have been used to address a variety
of issues in human skeletal adaptation, including the evolution
of locomotor performance and manipulative behavior,
changes in skeletal structure during growth and development,
Table 4 Standardized mean cross-sectional areas of humerus,
femur, and tibia of female Workers and High Ofﬁcials.
Cross-section Workers High Oﬃcials
Mean SD Mean SD
Humerus
TA 1014.61 117.27 973.91 174.19
MA 300.04** 130.14 220.06 88.58
CA 714.56 118.89 753.85 151.17
CA% 70.76 10.79 77.51** 8.14
Femur
TA 805.37* 109.47 752.53 87.62
MA 200.72 62.54 192.82 57.40
CA 604.64* 109.88 559.71 81.31
CA% 74.99 7.71 74.42 6.49
Tibia
TA 1075.34 206.73 1054.83 212.47
MA 242.75 99.36 256.39 90.61
CA 832.58 190.84 798.44 166.22
CA% 77.42 8.13 75.88 6.91
Total area (TA); medullary area (MA); cortical area(CA); percent
cortical area (CA%).
* p< 0.05, compared with High Ofﬁcials.
** p< 0.001, compared with High Ofﬁcials.
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Bone, as a living tissue, undergoes continuous processes of
modeling and remodeling. The modeling process demonstrates
the effect of the interaction between both genetic and environ-
mental conditions throughout growth and development. On
the other hand, remodeling process results in gradual change
in the bone shape as an adaptation to the applied mechanical
loadings. Thus, increasing the applied mechanical loadings on
bones increases bone formation, while decreasing the applied
mechanical loadings increases bone resorption. Since the skele-
tal structure of both upper limbs is subject to the same sys-
temic nutritional and physiological constraints, bilateral
asymmetry of the bones should reﬂect differences in the
mechanical loads placed upon the limbs. A relationship
between upper limb bi-lateral asymmetry and habitual behav-
ior was demonstrated (23). The study of human skeletal mor-
phology offers an important means by which both level and
type of physical activity in past populations can be analyzed.
Because the skeleton is inﬂuenced by a wide variety of environ-
mental circumstances especially physical activity and nutrition
during growth and development and adulthood. It provides a
cumulative record of behavior and reﬂects how the body
responds to particular functional demands in the face of these
circumstances. For example, study of degenerative joint dis-
ease (osteoarthritis) can provide information on degree of
mechanical demand on various joints of the skeleton (24).
Many body variables (such as bone structural parameters)
are strongly correlated to body size, therefore, when compar-
ing two individuals, samples or sexes, the confusing effect of
body size should be removed before a valid conclusion can
be drawn (25). Lifestyle, patterns of habitual activity and cli-
mate adaptations affect skeletal morphology. Habitual activ-
ity, along with other factors, inﬂuences the amount of bone
apposition and resorption that occurs at speciﬁc sites in the
skeleton. Economic growth, depending on its magnitude,could have affected the daily occupations of ancient
Egyptians. Since diaphyseal shape is predominantly inﬂuenced
by mechanical loading history, long bone cross-sections can be
used to access activity patterns. The present study aimed to
investigate the effect of activity patterns on long bones mor-
phological characteristics in a sample of ancient Egyptians
from two socioeconomic classes and assess the relationship
between long bone diaphyseal cross-sectional properties and
habitual activity.
Both body shape and behavior may inﬂuence mechanical
loadings on the limbs, and thus bone shape. Both kinds of
effects appear to be speciﬁc to the mechanically most relevant
regions. Experimental studies demonstrate localized skeletal
adaptation to changes in mechanical loading (26,27). As
mechanical loadings affect bone size and shape, studying skele-
tal specimens can provide evidences about the relative activity
patterns and behavior in a diversity of archeological locations.
Both the basic shape and size of the bone are affected by physi-
cal activity, as well as, genetic, nutritional and hormonal fac-
tors, which lead to bone morphological differences. Our
results found signiﬁcant gender differences in the cross-sec-
tional areas in the lower limb bones (femur and tibia), suggest-
ing different degrees of mobility between the two sexes. On the
contrary, there were no signiﬁcant sex-differences in the upper
limb bone (humerus). This ﬁnding is a characteristic feature of
agricultural populations where females help in some agricul-
tural activities (e.g. cultivation and harvesting) (28).Our results
agree with other studies that reported sex differences, attribut-
ing this to the difference in the activity level and patterns (29–
31). Both genetic (sexual dimorphism in pelvic structure) and
environmental inﬂuences (culturally prescribed sex roles) may
have played a part in creating the sex differences in lower limb
bone structure. In the present study, sexual dimorphism is
more apparent in the femoral cross-sectional areas of High
Ofﬁcials and in both tibial and humeral areas in Workers
may be due to difference in mobility level between High
Ofﬁcials and Workers. High Ofﬁcials are characterized by a
less degree of mobility than those of Workers. In High
Ofﬁcials, the humerus and tibia showed a less degree of sexual
dimorphism than the femur, suggesting similar levels of related
activities, in both sexes. Male Workers were involved more
than female workers in work accompanied with higher physi-
cal activity, mobility and work load, possibly pushing and/or
dragging heavy stone blocks that were used in building the
pyramids that exerted stresses on all bones especially the
humerus and tibia. On the other hand, female High Ofﬁcials
were involved in some kind of more hand-dependent work
rather than mobility. These ﬁndings can be interpreted by sex-
ual division of labor males had harder work activities, as well
as, they had different kinds of activities (32).
The present study shows that the mean values of cross-sec-
tional thickness and areas of long bones were higher in male
Workers than in male High Ofﬁcials; the differences were sig-
niﬁcant in anterior thickness of the femur as well as in total
cross-sectional areas (TA) of both humerus and tibia and the
cortical area of the tibia. This suggests more activity level of
male Workers than male High Ofﬁcials, especially walking or
running activities and the increased axial loading in Workers
than High Ofﬁcials, (e.g. lifting loads during work). The pre-
sent results emphasize that male Workers exerted tremendous
work load and activity pattern and level, which is notable in
the upper limb and more in the lower limb. This ﬁnding agrees
680 M.E. Zaki et al.with the archaeological investigations that, this group of
Workers shared in building the pyramids and the neighboring
temples. Cross-sectional thickness and cortical area as men-
tioned above represents an approximation of mechanical
demand, actual shape differences, and offers, perhaps, a more
precise measure of musculoskeletal stress. Signiﬁcant differ-
ences between females of the two socioeconomic classes the
Workers and High Ofﬁcials in cross-sectional properties were
much more in the femora, little in the humeri, and no signiﬁ-
cant differences between them in tibiae. Humeri of female
Workers were signiﬁcantly higher than those of female High
Ofﬁcials in medullary area. This indicates that increased bone
remodeling of female Worker’s humeri may be associated with
the higher activity levels in female workers than the High
Ofﬁcials. This came in concordant with Ruff and Larsen (33)
who stated that women who exercise continue to increase bone
mass compared to non-exercising. So, physical activity may
slow the rate of bone loss. Moreover, previous studies on
athletes reported that bone tissue has the ability to adapt
physical loading conditions and responds to mechanical
stimuli by increasing bone mass under increased mechanical
loads (34,35).
Femora of female Workers were adapted for more pro-
longed walking or more standing activities than those of
female High Ofﬁcials. The signiﬁcant increase in the femoral
strength under pure axial loadings (cross-sectional areas)
may be due to the fact that, female Workers were carrying
some weight while walking. Male workers showed relatively
higher mechanical loading in humeri and tibiae than High
Ofﬁcials, while female workers had the greater loading in the
femora. As expected, there is a structural difference between
the two groups, the male Workers showed higher loading
stress in the upper and lower limb than high ofﬁcials. Many
investigators reported difference in long bone mass in the dif-
ferent habitual behaviors (36,37). Workers were probably
doing tasks that mechanically loaded both limbs, while the
effect is only in the lower limb in females who were probably
doing tasks that required more walking, etc., but not lifting.
The greater effect in the male tibia rather than femur could
be hypothesized to result from loads speciﬁcally concentrated
on the tibia, perhaps forceful plantar ﬂexion of the foot in
pushing off, although it is difﬁcult to see how this would not
also stress the femur as well. The greater effect on the female
femur suggests a different kind of increased loading, perhaps
not pushing off kinds of loads, but rather more ‘‘normal’’
loads like walking, stooping down, etc. although it is hard to
visualize these not affecting the tibia too at least to some
extent. In any event, there is sexual dimorphism in the way
the two lower limb bones are loaded. This makes sense when
given sexual division of labor.
In conclusion, cross-sectional analyses can be used to
reconstruct the past population’s occupational activity
patterns. The present study emphasized the bone response to
the mechanical load and physical labor pattern; showing
increases of bone mass of long bones with the increase of
mechanical loads.
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